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SECTION I

INTRODUCTION

A. OBJECTIVES

The environmental impact of military activities is undergoing increased

public and regulatory scrutiny. Because of their large size large exhaust

flows, and high concentrations of nitrogen oxides (NOx) Air Force jet engine

test cells (JETCs) are becoming prime targets for environmental assessments and

emission controls. NO x, a U.S. EPA-regulated priority pollutant detrimental to

human health, is also a key agent in the formation of acid rain and ground-

level ozone. This research program was initiated to determine the feasibility

of reburning as a means of controlling NOx emissions from JETCs.

B. BACKGROUND

The U.S. Air Forcc operates approximately 250 JETCs which are considered

stationary sources by the EPA and therefore fall under local, state, and

federal emission regulations. The current federal NO x emission limit for

stationary sources firing liquid fuels is 0.3 lb/MBtu, roughly equivalent to

5.6 g N02 /kg fuel.

The purpose of a JETC is to perform controlled testing of jet engines

after maintenance or overhaul to assure proper operation before returning them

to service. Engines are operated over their full range of thrust, repre-

sentative of typical operational modes (startup, taxi, runway roll, climbout,

maneuvering, approach, and landing). Total test times can vary from 2 to

8 hours.

JETC design varies from base to base, but the most common indoor

configuration is pictured in Figure 1. The engine to be tested is securely

mountcd in the horizontal portion of a long U or L-shaped enclosure constructed

of steel and concrete. Air is drawn into the enclosure through sound-deadening
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Figure 1. Tinker AFB JETC 4 Facility Dimensions.

pts,)t and baffles. The resultant unequal flow distributions are corrected by

tinlningT vanes designed to provide an undistorted airflow to the engine inlet~ at

a velocity not to exceed 50 ft/sq (Reference 1).

The jet engine exhaust gases are blown into a large, long tube (typically

Iri feet in diameter by 100 feet long) with a convergent enltrance section. This

JFTC component, called an augmenter, serves three purposes (Reference 2):

1. The entrance to the augmenter is venturi-shaped, similar to an

ejector pump, to draw air into the test cell and ensure equal air

pressure at the inlet and outlet of the engine.

2. The augmenter diaws a portion of the air around the engine housing to

provide cooling similar to that experienced by the engine in flight.

1. The air drawn into the augmenter dilutes and cools the engine exhaust

gas, which is necessary to prevent damage to the JETC construction

materials.

A---'TRETME2



The amount of air drawn into the cell depends ol the placement of tile engine

relative to the augmenter throat. In practical operation, the ratio of bypass

airflow tu engine exhaust gas flow (augmentation ratio) varies from about 0.5

to 2.5 on a mass basis (Reference 3).

The augmented gas temperature can vary between 400 and 2000OF (200 to

l1W)OC) depending on engine firing rate and augmentation ratio. Some augmenter

tube.s are equipped with coo]ing water sprays to further quench the exhaust gas

temperaturIe below 600'F (315'C), thus allowing the use of inexpensive con-

stiuction materials. The gases exit the augmenter tube through a perforated

basket to help dissipate the momentum of the jet as well as some of the

acoustic energy. In some cells, this basket is surrounded by a movable sleeve

that can be used to adjust the back pressure on the engine (Reference 1).

The exhaust gas leaving the augmenter tube fills the blast room before

Pxiting the JETC through the stack. The cooled exhaust is vented to atmosphere

throtgh multiple channels in the exhaust stack designed to minimize the noise

cteatod during a test run. The stack has an exit area that ranges from 200 to

%() ft 2 , and the flow distribution among tile channels is observed to be very

izi e iilat (Reference 3).

These JETCs process an enormous amount of gas. Material balances for a

"typical" engine test at full military and afterburner loads (600 lb-air/s) are

given in Tables 1 through 4, taken from Reference 4.

Another unique feature of JETC operation is a highly variable test cycle.

Figure 2 shows an example of how engine load may be varied with time during a

test at Tinker AFB (Reference 5). We note that each load condition is seldom

maintained for more than five minutes, and that transient exhaust conditions

undoubtedly occur.

As expected, NO, emission from a JETC is a strong function of engine load

(i.c., ppak flame temperature). Figure 3 shows NOx emissions as a function of

3
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Figure 2. A Typical TF30 Run Schedule at Tinker AFB (Reference 5).
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Figure 3. Typical Nnaftorburning Turbine Engine Emission
Trends (Reference 6).

load for one J-79 engine (Reference 6). If we accept a NOx emission goal of

0).1 lh/MBtu (the current EPA limit for liquid-fueled stationary sources)

without supplemental NOx reduction equipment, this particular engine meets the

emission goal at loads below 50 percent thrust. Therefore, it may be feasible

to implement the NOx reduction process only at loads greater than 50 percent.

In this manner, the emission control process need remain effective over a much

narrower range of exhaust temperatures and exhaust gas velocities. An

additional potential benefit of reburner operation is the consumption of

carbonaceous smoke particles, which are produced in large quantities during

periods of high engine load.

The approximate gas composition derived from the JETC operating data in

Tables 1 through 4 is given in Table 5. Augmented gas temperatures (before

water sprays) extracted from the same tables are plotted on Figure 4.

9



TABLE 5. EXHAUST GAS COMPOSITION

Concentration

Component 100% Thrust Afterburner (140% Thrust)

NOx, ppnV 150 350

02, % 15 8

CO2 , % 3 6

CO, ppmV 50 50

H/C, ppmV 4 1

H2 0, % 4 26 (after quench)

N2 , % (by difference) 78 60

2000

ii

AUGMENTATION
cc: RATIO 0.6
w

w 00 100

z
w

- 800

S600 -

400 -

AUGMENTATION

200 RATIO 2.0 -

0 I I I II

0 20 40 60 80 100 120 140

ENGINE POWER SETTING (% NET THRUST)

Figure 4. Temperature of Diluted Exhaust from J-79 Engine.
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Temperature range and range of exhaust gas 02 concentration are important to

the rebutning system design.

C. SCOPE OF PHASE I WORK

The overall goal of the program is to apply PSI Technology Company's con-

siderable experience in developing reburning systems for utility boilers and

dipqel engines to the design of a system to control NOx emissions from Air

Force incinerators and JETCs. The emphasis in Phase I is on the JETC appli-

cation. Specific technical objectives of the proposed Phase I effort are

listed below:

I. To design a reburning system capable of at least 50 percent NOx

reduction when applied to JETCs (Task 1).

2. To quantify the effects of gas teiperatures, NOx - 1 02 concen-

tration, and reburning fuel flow on NOx emissions task 2).

3. To determine the technical and economic feasibility of these

rc . ;ng sy'rtem applications (Task 3).

Meeting these objectives will require answers to the following key technical

quest ons:

What are the effects of jet engine operating conditions on NOx

emissions, as well as other potential exhaust gas contaminants?

Under what operating conditions (temperature, gas composition, flow

rate) will reburning be effective in removing NOx from this exhaust

gas?

What are the capital and operating costs associated with applying the

technology to each combustion source?

11



What are the technical issues and problems that must be addressed in

a Phase II development program before reburning can be prudently

applied to jet engine test cells?

12



SECTION II

APPLICATION OF REBURNING FO JETCs

A. REBURNING BACKGROUND

It has long been known that NO× can be reduced to N2 by reaction with

hydrocarbon radicals produced when fuel is injected downstream of the primary

combustion zone. Wendt (Reference 7) in 1973 called this process reburning

because a eLond flame zone was required to achievc both reduced NOx and

biirnout of the additional fuel.

Although conceptually simple, the reburning re.iction mechanism is quite

complex, as shown in Figure 5. The NO x teduction efficiency in the reburn zone

is influenced by both NOx formation and reduction processes; the key to success

is to establish conditions of temperature and mixing where the reduction

mechanisms dominate.

REBURN FUEL, CH 4  02 (FAST MIXING) C0 + "H2

2, OH

-0 02( 0

N. HRM 02, OH /-N,-.2. N.x NC°I
N2  NH

N

Figuie 5. NO x Formation and Destruction Pathways During Natural Gas Reburning.

13



Following the figure, hydrocarbon radicals formed from the reburning fuel.

react with NO to produce cyanogen/hydrogen cyanide. These species react

fnrther with free radicals to form NHi species that rapidly react with more NO

to form N2 . Thus, NOx will be destroyed in the flame. The level of NOx

1educt ion depends on the rates of hydrocarbon radical production (as well as on

the competing hydrocarbon oxidation reactions) and the flame temperature. Hfigh

temperatures favor free radical formation and the reaction of NO with

hydrocarbons; low temperatures favor the reaction of NO with NHi species.

laboratory tests have shown that the NC) + NHi destruction reaction is the most

impottint reaction in practical systems.( 8 ) Additional air may be injected

downstream of the reburning zone to complete comhustion of the reburning fuel.

Much of the research on reburning technology has focused on boiler appli-

cation!s, where exhaust gas oxygen levels are relatively low and temperatures

enter iig the reburn zone are relatively high. Figure 6 shows NOx emissions

NOx, ppm I I I I I I I I

REBURNING FUEL FLOW
600 0 10% OF TOTAL

A 20% OF TOTAL

0 28% OF TOTAL

400

200
LOWER KITTANNING
100 x 106 Btu/hrsn3 = 1.2o0-

0 Sf I I 1. 1
0.6 0.8 1.0 1.2

FUEL-RICH - - FUEL-LEAN

SR2 , REBURNING ZONE STOICHIOMETRIC RATIO

Figure 6. Fuel-Staged Emissions as a Function of Reburning
Zone Stoichiometry (Reference 9).
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reported by Lisauskas and Johnson (Reference 9) for a coal-fired system having

a baseline emission of about 800 ppm. The NOx reduction is maximized when the

reburning zone is maintained under reducing conditions. The large amounts of

oxygen in the exhaust from JETCs, make it impractical to add enough fuel to

consume all the 02.

Fortunately, local reducing conditions can still be achieved even if the

overall mixture remains oxidizing. If the mixing rate of fuel and exhaust gas

is slow enough, fuel-rich pockets of gas will exist in the flame. In these

regions, hydrocarbon radicals can still react to destroy NO. Yang et al.

(Reference 10) investigated reburning for application to industrial process

heaters that also operate with high amounts of excess air. His results are

summarized in Figure 7. Without creating a condition where an entire zone of

the furnace was fuel-rich, he was able to reduce NOx by 40 to 55 percent,

depending on the amount of reburning fuel added.

Tie hypothesis of fuel-lean reburning is also consistent with emission

tests of gas turbine combined-cycle power plants in the 1970s. Under some

conditions, it was noted that NOx formed in the gas turbine primary combustion

zon1e could be destroyed by the duct burner, which was installed to raise

e:hast gas temperatures and improve heat recovery in the bottoming-cycle steam

generator (Reference 11).

In other combined cycle applications where the oxygen-containing turbine

exhaust gas was used as the oxidant in a separately fired steam generator, NOx

reductions greater than 50 percent were achieved when some of the burners were

fired fuel-rich (References 12, 13). More recently, Brown and Kirby

(Reference 14) investigated the application of reburning to diesel engines.

Their conclusion is that reburning is impractical in 02-rich exhaust steams

because enormous amounts of reburning fuel are required to achieve substantial

destruction of NOx. Their tests, however, may not have achieved the slow

mixing rates that would be required to maintain free radical concentrations

long enough to destroy NOx in such a system.

15



FIRST-STAGE STOICHIOMETRY SR1 N%
110 120 130 140

100
LU ~BASELINE NOX = 187 ppm ((@ 3% 02, DRY)

z90 -SR 2 =106 %
Wl SR 3 =115 %(3% STACKO02 )

~8o0

70 70

z 760 -- 7

O 0.
Ir50 -- 943I-l

-0 00- z
z 40 -- 112
0

30 - -131

X - 150
0z

S10 -168

C0 I187

0 5 10 15 20 25
REBURN FUEL (% OF TOTAL FUEL)

Figure 7. All Fuel-Lean Industrial Furnace N0X Reduction (Reference 10).
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B. RATIONALE FOR THE JETC REBURNING APPLICATION

A generali ed schematic of reutning to remove NOx from an oxygen-rich

;xhautu-t stieam i shown in Figure 8. In order to achieve at least 50 percent

Ni: ieduc tion, the sytem must provide the following conditions:

sloIw, but nearly comp]ete mixing of reburn fuel with the exhaust

stream;

tpmperat II es high enough to promo (e and sustain free I. adi cal s in the

shear layers of the esul t ing di f fus ion flame;

some premixing of exhaust With rehurning fuel to assure contact of a

significant fraction of the NO with hydrocarbon radicals in the

fuel-rich flame region;

(02 concentration in the exhaust high enough to stabilize the

relurning flame.

The tempelatire and 02 concentration of the JETC exhaust vary with engine

thrust and degree of dilution by augmenter -iir. However, they are not

REBURNING FUEL
INJECTOR -, -FU

REGION

REBURNER

Figure 8. Reburn Schematic - Plan View.
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independent of each other. Figure 1) shovs. this tea t ionship based on the data

of Tables 1 through 4 for miIiitary/af tebut not thrust s and a range of

augment at ion at ios. The total ga as fHow as appo:.imately the same for

each data point. Based on this, i,,at ionrIip it can be concluded that augmenter

,matio can be used to corintLol b0th tiniumatu, a md (1)2 concentration over a wide

mange. It should be possible to oht,-iin tepetaitmrc higher than 80()F and 02

concentrations above i2 1percent, ,Iii h c ,(ild he condhcive to both free radical

flu;mitinn and stable rehutnllet f]nme-n.

3000 ! I I

2800

2400

LJ

rr 2000

cc
LLJ

0_ 1600
LLJ

t200

400

406t I I I I

2 4 6 8 10 12 14 16 18 20 22

02 CONCENTRATION (% BY WEIGHT)

Fi glire . Plat ionqihip Bet seen .xhau t Temperature and ()2 Concentration
on a JEFC.

Ither potent ial advantages of te!ullning NO ca3ntrol. processes include the

fo i ow, i r1g:

low pressure drop (< 5 inches of water) so that engine operation will

not be affected by the NOx control process;

18



simple operation and control;

low, car>ai cost re].ative to selective catalytic NO× reduction;

oppoltunity to recover heat from the engine exhaust during testing,

depending on site-specific JETC designs and energy needs of the Air

Force bases where they are located.

Tlic sections that follow describe the preliminary design of a JETC reburning

,v:tem and the feasibility of fulfilling these potential advantages.
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SECTION III

PRELIMINARY REBURNING SYSTEM DESIGN

A. DESIGN BASIS

A jet engine test cell located at Tinker Air Force Base has been chosen as

the basis for the preliminary reburning system design. Physical dimensions and

mass flow rates for this JETC are given in Reference 1.

The system is designed for NOx emissions not to exceed 0.3 lb N02/MBtu,

equivalent to the current EPA standard for new stationary sources burning

liquid fo.els. Uncontrolled NOx emissions at full military thrust may range

from 0.4 to 1.6 lb/MBtu (Reference 15). Therefore, the emission target

represents about a 25 to 80 percent NOx reduction on a lb/NBtu basis. For this

study, we have assumed that a 50 percent average reduction of NOx will be

sufficient. For the purpose of simplifying reburner control, it is proposed

that the reburner be operated at a constant firing rate during the entire test

period. At high engine loads (> 50 percent), the reburner will provide the NOx

reduction required to meet emissions regulations. Operation of the reburner at

lower engine loads, while not necessary for NOx reduction purposes, will offer

the additional benefit of reducing JETC hydrocarbon/CO emissions (via their

combustion in the reburner flame) which are particularly problematic during the

low load conditions. The system will be designed such that the exhaust stream

oxygen concentration will not fall below 3 percent at any engine load.

PSIT and the Air Force Technical Project Officer agreed that, for the

purposes of this study, the materials of construction for each JETC component

may be changed if required by the NO, control process. However, no changes

will be made if the operation of the test engine would be affected in any way.

It was assumed that existing means of controlling exhaust gas temperature

(i.e., augmentation ratio or spray water flow) could be utilized to optimize

the NOx removal process.

20



To estimate opfrating costs associated with the reburner system, it was

,also necessary to make assumptions concerning the JETC operating schedule. For

this study, we have stipulated that the subject JETC will average 4 hours of

ope ration per day, for 200 days per year. Thus the total yearly operation will

he a1ot 800 hours, producing approximately 300 tons per year of uncontrolled

R. DFESICN ALTERNATIVES

P':(o alternative locations fot the rehutner system were considered in this

1. in the augmenter tube; or

in a separate reburning chamber downs t ream of the augmenter tube

(external to the existing JETC).

These alternatives are shown schematically in Figure 10.

Option 1 has the advantage of minimizing capital cost by utilizing exis-

ting equipment, although it is expected that the reburner will generate temper-

a tu les in excess of 1200'F (65 0 C). Therefore, the reburning retrofit may

incirdP replacing the augmenter tube with a more expensive alloy, or lining the

tii,- with insulating refractory to allow operation in this temperature range.

Another concern with Option 1 is the gas velocity in the augmenter tube.

We estimate the average gas velocity to vary trom dibcut 50 ft/s to over

20 ft'/s for engine operation ranging from 50 percent thrust to afterburner

thrust. The velocity field at the entrance to the augmenter, however, is

su:1rely nonuniform and highly turbulent as engine exhaust (supersonic velocity)

mryes with dilution air. Since fuel-lean reburning requires slow mixing of

eburning fuel and exhaust gas to achieve NOx reduction, the reburner should be

located in a region of uniform flow. The desired exhaust gas velocity is less

21



AIR EXHAUST

L

WATER REBURN WATER

SPRAY FUEL SPRAY

AFTERBURNER TESTSFE

* INCORPORATE 1-120 SPRAYS TO QUENCH VERY HIGH EXHAUST TEMPERATURES IN AUGMENTER

BUILD EXTERNAL REBURN CHAMBER DOWNSTREAM OF EXISTING AUGMENTER TUBE

* ADJUST/CONTROL OF BACKPRESSURE?

Figure 10. Rebur-ning Options.
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than 100 ft/s. Al so, the mean hulk-gas residence time in the augmenter could

he as low as 0.4 s. If the rehoruer is located 6 to 8 duct diameters

downs tream of the augmenter ent rance (a l ocation where flow may he more

onifo im) , thet e mtay he less than 0).2 s of residence time to achieve NOX

redutc tion and hitrnoout of reborn ing fuielI. Th is res id(ence time may be

insufficientr.

Opt ion 2, boild ing a separate reborn ing rea cto r external to thle J ETC,

pi ovides more flexibility to optimize the Lehomning temperature, velocity and

ei ndeic e time. Therefore, it is l i kely that max imum Nio,~ reduc ti~on can lhe

achieved Yithi this option, hot thVre Me St ill a few concerns. High tempera

tore gases ditrtly from the augmenter may: he reqiired to minimize the use of

riuning fuel. This suggests minimal Usage Of Water spirays in the augmentet.

Fwen withi this opt ion, it may he ptudorn to convidei modi fying the augmenter to

vwihtand trmpeiato. es abo.'c NOW90  (5i4OC) . AMo w'e are concerned -101t

Sint egratr ing the rehu rn rearctor wi th t he sh rih cd ha ske t at the exit of the

auigiren ci . Thie design should stiill alI oT regitiat ion of augmenter hack -pressure

Arnd di ssi pa te thea noup tic enpi gy of the exhiautit. Thene fore, we recommtend that

he durl t o the iehurin teartnr hr ant annuluis suiinoutd ing the augmenter basket,

ashiown in F igite 11.

COOL NG SPRAY

10. 12TO RE BURNERI AUGMENTERA AUMENT T_ 11_SHROUD

Figure 11. Connection Between Augmenter and Reburner.
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C. REBURNING SYSTEM COMPONENTS

A general schematic showing all the components of the proposed reburning

sys temn is given as Figure 12. Preliminary specifications for each component

ate di >iissed below. Where spec ificationq changed as a result of thp

e en tpri tal Mr these changes are noted, although a complete explanation

willI he saved for Sect ion IV.

EXHAUST FROM
AUGMENTER -~TO STACK

CH4 L

---- CONTROL

CH4
SUPPLY

Fqui pment:

* Duict Burner
* Combuist ion chamber
* 02i Moni tor (i"Lpt and outlet)
* CH/4 Supply Piping
* CH4 Flow Control System
* Valves and Piping
* Miscellaneous Ductwoik

Figure 12. Rebuining Components.
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1. Duct Burner

A single duct burner rated at 160 MBtu/hr was originally specified

(fOUr lebiUlnets rated at 150 MBtu/hr were ]ater shown to be required based on

the laboratory tests). A single burner would provide a ratio of exhaust gas

flov c to rebutrner fuel flow of 280 on a mass basis. The burner will consist of

a nhrivrded gas ring containing eight gas-injection spuds, mounted on a flange

that hotts into a duct coming from the augmenter. The burner will be equipped

with a spark igniter and optical flame scanner. The burner is expected to

provide 4 to I turndown, achieve a pregurre logs of less than 2 inches of

'.,Yatet, and operate stably at exhaust gas oxygen concentrations greater than

17 percnt.

2. Uomburtion Chamber

The duct extension from the augmentci consists of a 12-ft inner

diameter cylinder constructed of Type T,)/4  s tainle ss steel (operating metal

rcmpeiatuie up rto ]4no 0 F). The comlustiou chamber opens to a 20-ft inner

diameter tihrough a conical tranwition piece tapered at a 30-deg angle. It will

alqo be coirstturted of 304 stainless and lined withr refractory firebrick to

prevent overheating of the metal ant to minimize hat loss. The transition

piece will be lined with refractory tile. The overall length of the combustion

(ihanet is 60d ft.

1. Exhatrst D"r twork

lhe exirant leaving the combustion chramber will be dueted hark to the

hlast trom of tihe JETC. The exact layourt of this ductwork will depend on the

availability of spau- surrounding the JETC, hut it is asssumed that 70 ft of

Wet. 15 ft in diameter will suffice. The ductwo k will consist of carbon

nt. p l. Wati sprays will be located at the exit of the combustion chamber to

qHPrh gas temperaturrps bhelow 5'F (260C).
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Since the tempera ture of the tehinnet: e:hats t is expec ted to be 12000

I 6(10 0F (6500 to 8 7(00C) , it may he econom ical to cool the exhalIS t gases uising

a1 heaIt lecovery' hoi let .The healt ct the eXhauIst gas- iS suf fi(cien"t to generate

f 5a ihh of iatura t ed s team a t 2~~ p i or 1- 4 1 lb/hr of s team super

heat) to'r 0( F. thriethe ",(()()U(W1tt Ih of qulenlch water flow already

-I' i tuI f I thie7 ani uuild h.- utt(,( to( c~li-ii that the stack. temperature will

(A t~:~e 51)())F.

u:grrMon itot i [1g S'l, t IIT

Fhe~ ~ ~~~~il( oigii ,,,rr t o tte nrr xhaii,,t enitering andlevn th

H t(ttu o h'IrOez s honlr he , 1)! i I i , tI (tnit lft 1> levels appi oaching

h('~ ( Iton rCenI t Lrat i on I wh' i Ile the flat lt a I gan i S f lnowing indicate a f lame-

ITthIis evenIt, thIIe natu t a s hotild be shuit of f while the system is

1 A tant ca,'t rd m r Ih, ne I f thIy eit L) c on ce nt ra t ion f a IS 1 heIo w a

it i vle (about Percent based Onl out I albo ia tcr Y exp1e r im e nts, e m iss ionns

h t h wln1(11: anld ( may become xsv, and the natural gas f low should he-

Con t L Il Sy' t em

',; i I Is frIom the ()2 tme ter s a i-c processe-d hy a f eed - f orwa rd

it I ft , %,hii h 1 ac tua tes thle maii n ut ut alI gas; cont trol valve . The con trol lIetv

i o, cePrive a s i gnalI friom thle f l a me-sc an ner at t acrhed t o thle rebu iner. Ei tlier

caI maiy in it iate a shutof f, pur ge. rel- ight cycle.

0. Natutlal Gas Supply Piping

I t hlas heren assu lmed that the rehur ning s ystem will have access to

i pc] i ed rnatulA gas. A nominal 1001 feet of piping has been included in this

pI i 7! 1 tt I dfPes I I



D. MASS BALANCE FOR REBURNING SYSTEM

Before the start of the experimental work, a mass balance was performed

using a target value for the amount of reburning fuel required. Determination

of this value was the key objective of the testing, but the exercise was

valuable to establish the technical issues relative to the design of a

rebi rner to process the huge volumes of gas exhausted by a typical JETC.

In a boiler reburning system, the flowrate of reburning fuel is

approximately one percent of the total flue gas mass flow. Therefore, this

same number was chosen as the starting point for the preliminary system design

for JETCs. The resulting reburner fuel flow rate is approximately 20,000 lb/hr

(40(0 to 450 MBtu/hr).

Mass balances were calculated for three JETC conditions:

military thrust, augmentation ratio of 2.0

military thrust, augmentation ratio of 0.6

atf to rbi rner thrust, augmentation ratio of 2.0.

In-load opot at ional data were not aailahle fr the subject JETC, but the

total gar t low iq cxpected to be inflIenerod more by the augmentation ratio than

b th o f 1u l flow rate to the test engine.

Fig" q t 1 to 15 ill strate th,',' macs balan':es. All inlet conditions

tov t aken fromo Tablop 1, 2 and 4; iV.. concentrations were taken from Figure 3

for the military power level and extiapolated for afterburner conditions.

The ebning ry stem has two positive effects toward meeting an EPA NOx

limit of (.3 lb N02 per million Btu fuel input:
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EXHAUST FLOW = 1,995,000 lb/hr

Fu~ FLOW 10,000 lbh = 188 MBtu.'hr 02 =295,500 lb/hr (13.5%)

E:XHAUST FLOW = 1,975,000 lb/hr NOx= 182 lb/hr (60 ppmV)
0,1 373,700 lb/hr (1 7.3 'o voll NAUA)A 03l/M

NOX 00 I~n ( 1 5 pmV)20,000 lb/hr
~2.7 IbiMBtu 420 M Btu/hr TEMPERATURE 11 50OF

yIE NIT- 11 40' F -- VELOCITY = 71 ft/s

EXHAUST VOLUME 22,443 a ft 3/S

1 hin. 1 Roiiin ystem Mn!ss Balancj(e tIlcujjjted at Military Thrust,

Augmntat ion Ratio of 2n

EXHAUST FLOW =2,020,380 lb/hr

IJEL FLOW -35,OO0lb/hir -656 MBtu/hr
XHAUS T FLOW -2,000,380 lb/hr -02 -~ 209,800 lb! hr (9.5 %/)

0' -'88 000 lb hr (13 10%1 vol.) NATURAL GAS NOx=320 Ib/hr (100 PPmV)

L 0x 1000 hhr (325 pprnV) -20,000 lb/hr 0.3 Ib/MBtu
S1,5 Ib/MBtu 420 MBtu/hr

TEMPERATURE = 11 50OT TEMPERATURE =1800 TF

VELOCITY =202 fL's VELOCITY = 102 ft/s
EXHAUST VOLUME =31,905 a ft3/S

Figiire 14. Rehurn system Mass Balince Calculiat ed at Afterburner Thruqt,

Augmentation Ratio of 2.
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EXHAUST FLOW = 1,078,200 lb/hr

FUEL FLOW = 10,000 Ib/hr = 188 MBtu/hr
EXHAUST FLOW= 1,058, 200 Ib/hr , 02 = 105,120 Ib/hr (8.9 % vol.)
02 = 183,320 lb/hr (15.8% vol.) NATURAL GAS NOx = 182 lb/hr (110 ppmv)
NOx = 500 Ib/hr (300 ppm) 6 20,000 lb/hr 03 lb/MBtu

= 2.7 Ib/M/Btu = 20 MB/hr

TEMPERATURE = 770'F - 20 MBtu/hr TEMPERATURE = 1850* F
VELOCITY = 82 ft/s S VELOCITY = 55 ft/s

EXHAUST VOLUME = 17,403 a ft3 /s

Figuite 15. Reburn System Mass Balance Calculated at Military Thrust,
Augmentation Ratio of 0.6.

I. Reburning reduces the pounds of NOx in the exhaust stream via reac-

tion of the incoming NO× with flame radicals; no additional NOX is

produced.

2. Reburning increases the total heat input to the JETC system.

Theie[ore, when calculating the emission rate of the system according to EPA

methodology, the process decreases the numerator (lb/hr of NOx) and increases

the denominator (Btu/hr of fuel). For the cases shown, the NOx reduction in

ppm (hypothetical, not experimental) would be 62 to 69 percent but the reduc-

tion in lb/MBtu would be 80 to 90 percent. For the current program goal of 50

porcent NOx reduction, the reduction in lb N0 2/MBtu would be 70 to 85 percent.

Other germane observations from the mass and energy balances are outlined

be I ow:
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The reburning process will cause a tempeiature rise of 6500 to 700'F

at an augmentation ratio of 2.0, and about llOO0 F at an augmentation

ratio of 0.6 (assuming no heat loss to the system).

Maximum average gas velocity in the combustion chamber is expected to

be about 102 ft/s based on the bulk average volumetric flow rate and

expected temperature.

Augmentation ratios can be adjusted to keep inlet 02 concentrations

above 13 percent to prevent rehurner flameout.

F. SUMMARY OF KEY ISSUES

The preliminary reburn system design study identified several key issues

to be resolved before reburning can be used to control NOx and hydrocarbon

emission- from jet engine test cells. Many of these issues have been mentioned

in the preceding discussion; all issues are summarized below:

flow much reburn fuel is required to achieve at least a 50 percent

redurction in NOx concentration?

How effective is a low-NOx reburner in destroying soot or hydro-

carbons that may also contaminate the exhaust gas?

'Can we simultaneously achieve high NOx reduction and complete burnout

of reburn fuel?

What reburner turndown must be achieved to assure flame stability and

complete combustion during idle and low load JETC conditions?

What is the minimum 02 concentration in the engine exhaust at which

the reburner flame can be stabilized? Can the augmenter ratio be set

to avoid low 02 and subsequent epburner flameout?
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Will the pressure drop across the reburner be less than 5 inches of

water for all possible operating conditions?

Is heat recovery from the reburner exhaust practical?

What key parameters should be considered when scaling the reburner

design to the size required for a full-sized JETC?

Investigation of these issues formed the basis of the experimental portion of

this program (described in Section IV) and were evaluated further in the

feasibility study discussed in Section V.
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SECTION IV

EXPERIMENTAL RESULTS

The primary objective of the laboratory-scale experiments was to assess

the effectiveness of reburning as a means of NOx reduction at conditions

representative of JETC operation and, consequently, to generate specific design

requirements for the proposed full-scale application. The technical issues

that have been explored are summarized as follows:

1. The relationship of NOx reduction to reburner stoichiometry (relative

amounts of fuel and oxidizer).

2. The influence of reburner inlet gas conditions (temperature and NOx

concentration) and flow parameters (total flow rate and shroud

configuration) on the reburning process.

3. The effect of adding gaseous ammonia (source of additional NHi

radicals) to the reburning fuel.

The experimental parameters and the range over which they were varied are

listed in Table 6. Subject to the constraints of the apparatus and the limited

scope of the program, efforts were made to approximate typical JETC exhaust

conditions as much as possible. The following subsections present the

rxperimental results and discuss the relationships between test parameters and

rel)rner performance.

A. APPARATUS

The dedicated reburning test reactor used for the laboratory-scale

experiments is depicted schematically in Figure 16. The reactor is composed of

three sections: a methane/air/oxygen-fired primary burner, a vaiiable-surface-

area gas-to-liquid heat exchanger, and the test section, in which the reburner

unit is located. The primary burner (maximum firing rate: 25,000 Btu/hr)

32



TABLE 6. TEST PARAMETERS

Parameter Range

Reburner fuel flow 0 to 4.0 slpm

Inlet 02 concentration 14 to 19 percent

Inlet NOx concentration 500 to 1000 ppm

Inlet temperature 5700 to 900OF

Total exhaust flow rate 64 to 130 slpm

Shroud open area 0 to 100 percent

Ammonia/NO molar ratio 0 to 2

supplies a flow of hot combustion gas of controllable composition. Independent

control of total combustion gas flow and oxygen concentration is achieved by

adjusting the relative flow rates of air and oxygen to the burner. At the

burner exit, the gas stream is doped with pure NO to bring the overall gas NOx

concentration to the desired level. Gases leaving the burner pass through the

heat exchanger, which serves to reduce gas temperature entering the tee-

section. The heat exchanger section consists of water-cooled stainless steel

tubes inserted perpendicular to the gas flow. The gas exit temperature is

regulated by varying the number of tubes in the exhaust gas flow. Exit temper-

atures in the range of 5000 to 1000°F were attainable using this technique.

The test section incorporates the reburner assembly and several thetmo-

couple and gas sampling ports. The reburner, which will be discussed shortly

in more detail, is a jet-diffusion type and is located near the entrance of the

test section. Gas temperature downstream of the reburner is measured at

several locations along the length of the test section with type K thermo-

rouples. To minimize heat loss to ambient, the test section is insulated both

internally (with a fibrous alumina cylindrical liner) and externally. However,

because of the very large differential between gas and ambient temperatures,

some temperature drop along the flow axis does occur. Figure 17 shows test

section centerline temperature profiles (9000F inlet temperature) for three
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~SAMPLING
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Figure 16. Reburner Test Apparatus.
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Figure 17. Axial Centerline Temperature Profiles.

di f ferent methane flows. As would be expected, reburner exhaust gas temper-

a ntutc inceases substantially with increases in fuel flow. In addition, the

shape of the emperature profile varies according to fuel flow rates. The

tolatively small axial temperature gradient of the high fuel flow case is

a-tti ihutable to the extended length of the combustion zone.

To determine gas composition, sampled gases were withdrawn from the

icactor by means of a water-jacketed stainless steel probe at a port approxi-

mately 50 inches (127 cm) downstream of the reburner. This location

corresponds to a nominal postreburning gas residence time (depending on

temperature and gas flow rate) of 200 to 700 ms. The sampled gases, cooled

rnpidly by convection to the cold tube walls, were passed sequentially through

an ice-bath water trap, particulate filter, and gas permeation membrane drier

(which removed any residual water vapor) before being directed to a battery of

on--line continuous gas analyzers. The measured gas components included the
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following: CO and CO2 (Beckman Model 864 nondispersive infrared meters), 02

(Teledyne Model 320A detector) and NO/NOx (ThermoElectron Model OAR

chemiluminescent analyzer). The gas analyzers were calibrated with the

appropriate certified gas standards before the start of each series of

experiments. To limit reactions of the components of interest (specifically

NO/NOx) within the sampling lines, all surfaces contacting the gas stream were

fabricated from Teflon TM or pa.qqivated stainless steel.

The laboratory-scale reburner employed for these experiments (shown in

Figuie 18) is modeled on a commercially available shrouded duct burner used for

heating gas streams in industrial processes. This burner design is believed to

be well suited to the reburning application because it provides for staged mix-

ing of fuel and oxidizer and, hence, promotes the presence of locally fuel-rich

EXHAUST IBURNER
GAS SHROUD

i:!f?,

CH 4

Figure 18. Laboratory-Scale Reburner Schematic.

36



iegiots, which are critical for the reduction of NO by flame radicals. The

mixing rate of the fuel and oxidizer can be adjusted by varying the shroud open

Ore,. For most of the expetiments discussed herein, a shroud fabricated from

perforated stainless steel with 36 percent open area was used. As will be

discussed latei, the influence of the shroud open area on NOx reduction was

.:es ~ed by conducting experiments with a solid shroud (0 percent open area) in

pi acf, and :ith thE shroud removed (100b percent open area). The shroud angle

(fsQed hY shroud "wings" and axis of gas flow) was set arbitrarily at

Fi deiee. The projected area of the .zhroud is 1.56 inch 2 , or about

pEI ercent Of th e (ILc t cross-sect iona I ai ea. The ehUlrner methane is injected

e(a:.Xially with the gas flow through three holes, spaced by 5/16 inch, drilled

i li al l in the 1/4 inch stainless steel gas tube. The shroud, which is

, t ta( hed to the gas tube with retaining rings, is centered in the duct.

Me-a!n7ioments of differential pressure across the burner indicated undetectable

(< 0.1 in \,I.G.) pressure drop, even at the maximum gas flow rate. A photograph

o f the pLototype rebur-ner is shown in Figure 19.

411f

Figure 19. Photograph of Laboratory-Scale Reburner.
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The range of operation over which a stable reburning flame can be obtained

is par ticularly significant because tie No, reduc'tion process is piedicted upon

a Ytablc flame being present. Initial tevting of the shrouded rehurner at

tpical experimental conditions (90)'F inlet temperatore) revealed that the

unqemt ot flame instability occurred when the inlet oxygen concentration was

induced below 14 percent. Operation at lower oxygen concentrations can be

anhieed by employing an auxiliary ignition source (such as an electrically

heated surface or a shielded ptemixed pilot flame) to maintain flame stability.

Vrndoq of commercial duct burners guarantee flame stability down to 12 percent

Op. larger scale tests are expected to yield stable flames over a wider range

of exhanqt conditions.

B. TEST RESULTS

1. Effect of Stoichiometty

The goal of the first set of exper iments was to investigate the

Eilationyhip hetiecu rebutner stoichinmerly and the NO, redluction. This

at amc "r is of pi imary importance, since it estallishes the amount of reburner

tuel necessary (at a given inlet oxygen concentration) to achieve the required

4,... rd ctions. Measurements of postrebirning Ni., concentration were made at

thte, inlet oxygen levels (14, 15. and 19 percent) and several rehurner methane

Ilows (varied between 0.5 and 4.0 standard liters per minute). To isolate the

ffrt of stoichiometry on No, reduction, inlet NOx concentration (1000 ppmV),

,,,rt temperattire (00 0 0), and total inlet gas flow (65 slpm) were kept

-n~r n t lt for all ins in this series.

To facilitate interpretation of t h- experimental data, the principal

quantity of interest is the pircentage of No,. remo,,Od from the incoming gas

ctteam by the rebrning process. The equation used to calculate the NOx

trc'ction percentages from the measured quantities is given as follows:

[NOj outlet, dry basis 1+XH2 inlet 0 total, outlet

% Ni reduction = - d.X 100
X [NO 1 inlet, dry basis XH20, outlet Ototal, inlet
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This expression collects the measured outlet NOx concentration for

dilii iut by; rb0u0111 (01 4 and fot in lcaed water vapor content. The NOx

,,l 'lt i,,n ale measured ont a MY hanis by the on-line analyzer. Inlet and

"tipt ,tal gana I lotw taten aid atet vapot concentrations are calculated from

Q!,+ ,tid gan loys with th, nqtmpl ion that all the reburner methane reacts

W firi (In, and ;tei. The iati, of tnitr ic ox:ide (NlO) to total NOx  remained

n,: o :taut fo, all mensitemntc ((0.9n1 to (.95), thus, it is not necessary

I" d ~i sgbigh hetwpn No and Nilt.. I C , ion behavi.or

t-,pt isititally' deltp min cl "-a 1us , t).. ('orduction varied from1  a

ii-H "I , e't, a t a.: I a m itu of p i o .UH i r e 209 the data have been

p ,t d q- ;a ti t of tpeboinci f i.as io aI beat input, and in Figure 21 as a

tu ,lio, ofl chuinh t fuel equi'valence ratio. Thee parameters differ in that

Q; W'!Wpal fal inpt /( Q) ') is a function of
CH I P l ,n' ( ,t ) (H , pi

oil', 0wicay tin uel Clui:alene ratio indicates relative

qr tik - of fW l a l oxirliei in the ieltt iner zone. Inspection of tile first

TO t
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Figure 20. NO, Reduction as a Function of Reburn Fuel Flow Rate.
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Iipurie 21. NO. Reduction as a Functioni of Fuel Equivalence Ratio.

latpi drienlistiato s that the NO, reduction is related both to the tractional
hea;t input and to the inlet oxygen coiicentration, i.e., distinct trends of NOx

hivt ion versus tractional heat input can he assigned to each of the three
'a ins of o::vgen concentration. As the inlet oxygen concentration is increased

[tom 14 to 19 percent, the percentage of NOx removed at a given reburner heat

input progressively decreases. Even at the most favorable condition (14

per'ent oxygen), suhstantial NO, teductions (> 30 percent) are not achieved

until the fuel fractional input approaches 50 percent, which corresponds to

equpal iates of jet engine and reburner fuel flow.

In Figure 21 the variation in Nox reduction is shown as a function of

the calculated fuel equivalence ratio. The fuel equivalence ratio ( F) is

defined as the ratio of fuel to oxygen divided by the stoichiometric ratio of

fuel to oxygen. On this scale, values less than unity represent fuel-lean

conditions (zero corresponding to no reburner fuel flow) whereas values greater
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than unity signify a fuel rich environment. All testing in the present study

was conducted at fuel equivalence ratios less than unity. In this case, a

single curve approximates the data for all three oxygen concentrations. In

this manner, the NOx reduction can be shown to be a simple function of the

cquivaence ratio. At values of the equivalence ratio less than about 0.7

(4.5 percent 02 exiting the reburner at an inlet 02 concentration of

15 percent), the curve rises relatively gradually, while at higher values the

cuive becomes considerably steeper, indicating that locally fuel-rich condi-

tions peLsist long enough to reduce NOx. The target value of 50 percent

teduction is attained at an equivalence ratio of about 0.87 (2 percent excess

0) start ing from 15 percent 02).

The results from this series of tests suggest that at the tempera-

tIn c and Ilows present in the reactor, only small amounts of NOx reduction are

posible when the overall reburner stoichiometry is fuel-lean. When enough

fuel is added to bring conditions close to stoichiometric (and that amount

dc'pcnds on the concentration of oxygen in the exhaust gas), much more efficient

NI... removal is observed.

2. Effect of Inlet NOx Concentration

It is anticipated that engine NOx emissions will vary widely accord-

ing to let engine type, load, and fuel content. In addition, the reburner

inlet NO, concentration in the proposed JETC application would depend on the

d eg.,re of dilution of the engine exhaust by the augmenter air. For this

reason, it is important to examine the effect of inlet NOX concentration on

achieved reduction. Figure 22 shows the variation of NOx reduction with

tebutner fuel equivalence ratio for two different inlet NO, concentrations (550

and 1000 ppm). For these experiments, inlet oxygen concentration and temper-

atu e were maintained at constant values of 15 percent and 9000 F, respectively.

The graph demonstrates that for a given fuel equivalence ratio, substantially

greater percentages of NO x reduction occur for the higher value of inlet NOx

concentration (1000 ppm). For example, at a fuel equivalence ratio of 0.82,
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Fi gt o 22. E f fec t o f No, Conce n t r a t io n on Rebo i n i ng NO., Red uc t i on

chi iini g pv rduce c 48 percent NOX rCduc t ion at the highc r inlet concentraion,

~' ionly I') percent is riemoved a t the I owe r concentration.

A fur ther reduc tion in No'x inlet concentrat ion could bp expected to

ioad t, an additionalI decrease in NO, removal efficiency. This result suggests

thait richieving optimal reburning conditions in the JFTC applicationi requiires

rth' r tile augmentat ion 1at lo be kept to a minimum. lIncreased di lut ion of the

jet eninie exhaust w',ith bypass a itr althbough not affect Iing NOx emi ss ions on a

lh/Miltu basis, would increase oxygen concentrations and decrease NOX con-

cent rat ions in the mixed gas stream, both of which are(- unfavorable for

o I fir i nt treburne r Nox removalI. There fore, thle augmentation ratio should be

set at the mini mum value for stab]le operation of the rebiirner.
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3. Effect of Inlet Temperature

In the JETC application, the reburner inlet temperature is expected

to vary over a large range. While constraints of the experimental apparatus

precluded testing of the model reburner over the full temperature range typical

ot the JETC, a series of tests was conducted at inlet temperatures of 570',

,,', 700"e, which repteseat a partial zpan of the expected operating

conditions of a JETC. The resulting trends of NO x reduction as a function of

fuel equivalence ratio are displayed in Figure 23. At relatively small values

of the fuel equivalence ratio (< 0.7), diminished NOx reduction is exhibited at

the lowest temperature. No difference can be discerned between the curves

representing the two higher temperature cases. As the fuel equivalence ratio

is increased, the discrepancy in NOx reduction between the high and low

tompprature runs becomes progressively smaller. Further testing is necessary

to deterriine whether similar trends are seen at still lower temperatures.
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Figure 23. Effect of Inlet Exhaust Temperature on Reburner NOx Reduction.
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From these data, it is not expected that JETC exhaust temperature

wo0 uld have a strong effect on rebutner performance.

4. Effect of Total Gas Flow Rate

The total gas flow rate at the reburnet inlet represents another

significant process parameter that varies over a large range in the JETC

dppli:at ion. To study the effect of changing exhaust gas flow rate, tuns were

pci formed in the reburning test reactor at flows of 65, 91 and 130 slpm. For

this series of experiments, inlet gas temperatures were maintained at a con-

tant vilue of 9()()0 F. At the two lower flow rates, an inlet oxygen concentra

tion of 15 percent was used; however, a minimum il]et oxygen concentration of

18 percent was required to ensure flame stability at the highest flow rate.

Results for the three sets of data are plotted in Figure 24. It is

cleat that the total flow rate has an important effect on the reburner
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Figure 24. Effect of Exhaust Gas Inlet Flow Rate on Reburner NOx Reduction.
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pfri ot mance. Data taken at the lowest i low rate show that the amount of NOx

il u hct ion appears to increase relatively gradually with increp" I ill

(,,uivalence ratio. At the higher flow rates, NOx reduction remains near zero

until a thieshold value of equivalence ratio is approached (approximately 0.5)

at ,Aiich point the NOX reduction begins to increase dramatically. At values of

th - equivalence ratio greater than i).6, the NOx reduction obtained at the

hi cher tIo,! r.irz is substanti a] ly greate tLhan that observed in the low flow

I rat P case.

T,,,o important effects of increasing flow rate on the reburning

PIM ec 'Can be identified. First, reburner outlet temperature is increased by

the' I1igher rates of heat release. The second effect is the change in mixing

lhaacteistics caused by the increases in gas velocity. It should be noted

har the I conditions (velocity profiles, turbulence, acoustically induced

gi flov,7) that are present in a JETC are vastly different from those in the

-rcI I scalp laboratory apparatus in which these experiments were conducted. It

i': the ,ef),ze possible that reburner NO,:. removal effectiveness could be consid-

o t,lly better (or worse) in the JETC environment than was observed on a

1.aihoa tory scale, as long as flame instability does not result from these same

P1 i.'ig cond i t ions.

". Effects of Burner Configuration

As: discussed previously, the presence of the burner shroud serves to

('(ntrol the rate at which mixing of fuel and oxygen occurs. The reburning

pio~c-. r i, known to he sensitive to mixing rate, and thus it might be antici-

pated that the amount of N1O, reduction achieved by reburning is affected by the

':brood configuration or, more specifically, the percentage of shroud open area.

l'o a ses.c the effec't of shroud open area on No x reduction, experiments were

mud(:ited wit h the burner shroud removed, and also with a solid burner shroud

fabric'ated from stainless -steel shim plate in place. The results of these

expe iment , were compared with those previously obtained using the shroud

fahtiated from perfoiated stainless-steel sheet with 36 percent open area.
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Figure 25 shows NOx reduction plotted against fuel equivalence ratio

for each of the three shroud configurations. All runs were conducted at the

elatively high inlet 09, concentration of 19 percent; this much 02 was required

to sustain combustion in the shtoudIess burner. Examination of the curve shows

that, although some scatter is evident, no systematic variation of NOX reduction

'iih shroud open arca can be discerned. This iesult suggests that, within the

range of conditions necessary to establish a stable reburning flame, the reborn-

ing Process NO.< reduction is not as sensitiw'e to moderate variations in fuel/gas

mi.ing rate as might have been expected; ho'.ever, this could be an artifact

(00W by flame instabilities inierent to the small scale of the expeiiment.
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Figure 25. Effect of Reburner Shroud Configuration on NOx Reduction.

6. Effect of Ammonia Addition

It is known that, at the appropriate temperatures (17500 to 1900 0 F),

ammonia will react selectively with Nox , producing molecular nitrogen and water

vapoi. To explore the prospect of enhancing reburner performance throgh
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addition of a small amount of ammonia to the fuel, a series of experiments was

conducted in which varying amounts of gaseous ammonia were mixed with the

ebui ncr methane. The ,mmonia flows were set to give molar ratios of NH3 /NO in

Ih, tange of (0 to 2. Measurements were taken at two different methane flows:

inlet temperatures and oxygen concentrations were kept constant for each run.

The results are displayed in Figure 26. At the lower fuel flow rate,

euTsouia addition has a small negative effect on NOx reduction, which becomes

Mo, 1e pionounced with increases in ammonia flow. At the higher fuel flow rate,

.:c]; little effect is evident. It is clear that, rather than enhancing

ielm:ning NO., eduction, the ammonia can act as an agent for NOx production,

similar in effect to fuel nitrogen. Thus, ammonia addition is not considered

aippopriate for improving NOx reduction by reburning. In addition, the fact

tliht ammonia oxidizes under the reburning conditions indicates that oxidizing

coid i i ,ns: dominate the flow field produced by the experimental reburner and

tha-t opt imal rebut ning conditions were not achieved.
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Figure 26. Effect of Ammonia Addition to Reburning Process.
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7. System NOX Reduction

Current EPA NOX emission regulations are bayed not on an exhaust gas

ppm level, but on a mass basis referenced to the heat input from the fuel.

Vypical units for NO,. emissions include lb N0 2 /miiiion Btu input from the fuel,

or giams N02/kilogram Of fuel. Consistent with this convention, NOX emissions

tifl a JETC should be ieferenced to heat input from the fuel, including

chur ning fuel.

Figure 27 shows NOX emissions in lb/MBtu p~lot ted as a function of

inunn/engine fuel tat io (Btu basis). Data for inlet NOx concentrations of

JH" vvrm (2.4 lb/MBtu) and 550 ppm (1.3 ih/MBtu) , are plotted. Since the

deign study assumed an inlet NOx level of 0.6 lb/MBtu (250 ppm of NO> at

11 peren t j2) , a third curve ext rapola ted from the data is also shown. Note

2 .5

C/) 550 ppm

Li

o 1.0
z

2250 ppmuJ
1-- EXTRAPOLATIONW/

W0.5

EMISSION GOAL
0 ____________________________________

0 0.5 1.0 1.5
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Figure 27. Reburn System NC> Reduction Inlet T = 890'F.
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that the NOx emission goal changes with the amount of reburning fuel under this

scenario because the EPA NO, limit for gas-fired stationary sources is

0l.2 bl/MBtu. For a combined liquid/gas-fired system, the emission limit is

haned on the percentage of each fuel fired (Btu basis):

eriissiotn limit = (0.3) (fraction of liquid fuel) + (0.2) (fraction of gas fuel)

Expressed in this way, the potential system reburning NOx reduction

i; greater, but the emission goal is also a moving target. Note that the

em sion goal is met when the heat input from the reburn fuel is approximately

e(lInal to the engine fuel heat input. Thus the implementation of reburning will

he mote expensive than originally anticipated. Although improvements in

rebutning fuel consumption are probable based on limited tests at higher

exhaust flow velocities, our best guess right now is that a reburn/engine fuel

ratio of at least 0.6 will be required at military or afterburner thrust

ron~ditions.

8. Summary

The noteworthy findings of the laboratory-scale reburning tests can

he s:mma ized as follows:

1. Reburning NOx reduction effectiveness was determined to be primarily

a function of the overall fuel/oxygen stoichiometry. It was found

that at very fuel-lean conditions (fuel equivalence ratio < 0.5),

only small NOx reductions (< 20 percent) were observed. When

reburner fuel flow was increased to produce a smaller excess of

oxygen, more substantial NOx reductions occurred. A maximum NOx

reduction of 60 percent was achieved at an equivalence ratio of 0.94,

which is still in the fuel-lean regime.

2. Inlet NOx concentration and temperature were both determined to

affect reburner performance. Reducing inlet NOx resulted in a
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decrease in the percentage of NOx removed by reburning at a given

reburner fuel flow. Reducing temperature from 9000 to 570'F had a

small detrimental effect on NOx removal at lower reburner fuel flows;

at higher flows, no variation with inlet temperature was detected.

3. Reburner performance was found to be invariant with respect to the

burner shroud open area. However, increasing total exhaust flow rate

had a beneficial effect in terms of improving NOx removal effi-

ciencies at higher values of the equivalence ratio.

4. The addition of ammonia to the reburner fuel at low flow rates (com-

parable to the NO flow rate) had a small negative effect on reburner

performance which became more pionounced as ammonia flow was

increased.
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SECTION V

TECHNICAL AND ECONOMIC FEASIBILITY

Based on the test results, the preliminary reburning system has been

ieviqed and a "ballpark" estimate of capital and operating costs has been per-

formed for the large JETC at Tinker Air Force Base. The only change to the

r ehurning system is the number of rebnrner units. Instead of utilizing one

iebrner, we have now specified four reburners, each rated at 150 MBtu/hr

input. This change will have nominal impact on capital costs, but a

c:ignificant effect on operating costs as described below.

A. COST ESTIMATE METHODOLOGY

The method used to arrive at capital and operating costs in this study is

haced on the methodology recommended by Electric Power Research Institute

(FTRI) (Reference 15). Appendix A (extracted from this reference) provides an

olitline of the cost components considered and an example of the format that is

d i scussed here.

The Total Capital Investment (TCI) is one of the most important results ot

he economic analysis. The TCI represents the sum of the Total Plant Cost

(IVP¢), royalties (where applicable), preproduction costs, inventory capital,

nid initial catalyst and chemical charge. The cost of land is not included

here since this is a retrofit application on existing land. A royalty allow-

arine equal to 0.5 percent of the process capital is used on proprietary

proc. esses. Process Capital is defined as the total cost of each unit, includ-

ing equipment and all installation costs (labor and materials). The pre-

pioduction costs consist of the following: 1 month of fixed operating costs,

1 month of variable operating costs at full capacity, and 2 percent of TPC.

Th la-t charge covets modification to the equipment needed during startup.

11,, iriventory capital is equal to 60 days of variable operating costs, exclud-

ing power, steam, process water, and disposal costs. The initial supplies and

mator ials cost accounts for supplies needed to start up the unit. In the case
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of process requiring a catalyst, the equipment cost does not include the

catalyst cost. Instead, the initial catalyst is accounted for in the startup

costs. For process chemicals, a 15-day supply is assumed as an initial charge.

The TPC is the sum of Process Capital, General Facilities Cost,

Engineering and Home Office Fees, and Project Contingency Cost. The Process

Contingency used in the EPRI Methodology accounts for the effect of tile status

of process development on the design and cost of commercial-scale equipment.

Wo (1o not apply a process contingency to the capital cost; instead we use the

p1obability of technical success as a separate measure of the status of process

c !,-;r1p nent In addition, the EPR[ Methodology includes an allowance for

(,,calation of constiuction costs over the construction period, which is not

!iced in this analysis because the constinction period for the JETC modification

ip e:pf'cted to be short. The General Facilities charge and the Engineering and

l!rir office Fees are assessed at 5 and 1(0 percent of the Process Capital,

I poc t i vely. The Project Contingency Cost is computed as 20 percent of the

,M of the Process Capital and General Facilities costs as appropriate for a

plieliminary design. The Process Capital. (sometimes referred to as the

inv;tal led equipment cost) is the total constr Iucted cost of all equipment,

it(, 1 ud ing direct and indirect constimii Iion costs. Fees for freight and sales

,i i a P included in the equipment cost. Direct installation costs account for

the labor and materials costs of installation, including costs for site

prcparation and buildings. Indirect installation costs consist of the

tollow ing: engineering and supervision labor, construction and field labor,

',, c'onstruction fees, arid a small contingency fee.

The Operating and Maintenance Cost is the sum of operating labor, main-

teriance (labor arid materials), and overhead labor. The annual maintenance

(o,,ts are estimated as a percentage of the process capital cost. Tile EPRI

methodology suggests maintenance cost factors for different technologies. The

maintenance cost is broken down as 40 percent labor and 60 percent materials.

The overhead charge is computed as 30 percent of the operating and maintenance

labor and is a charge for administrative and support labor.
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Following the EPRI methodology, the Operating and Maintenance Cost is

hioken down into a fixed component and a va:iable component. The fixed

(prrating ad Maintenance cost is the product of the capacity factor (or the

utilization) and the annual Operating and Maintenance Costs; the balance of the

('Ot is assumed to be variable. The Variable Operating cost has two compo-

lient.': consumables (power, chemicals, etc.) and operating and maintenance, as

described above.

The total annual operating cost is the sum of the fixed Operating and

Maintenance cost, the Variable Operating cost, and the cost of capital. The

'o<t of capital is based on a 12-year depreciation period at 10 percent

i tciest. The yearly charge for the cost of capital is 15 percent of the total

(:pital investment. The operating cost is expressed in millions of dollars per

The total operating time of the facility has been assumed to be

HI() hr/yr.

B. COST ESTIMATE FOR A 600 lb/s JETC

(apital cost estimates for the JETC reburning application have been

(,:xttapolated from similar studies performed for EPRI by PSIT,( 1 2) as well as

fio, vendor quotations for the gas analyzers. This type of estimate has a

p obahle accuracy of +30 to 50 percent.

The capital costs are summarized in Table 7. The reburner design was

discussed informally with Babcock & Wilcox Company (B&W), a potential Phase III

poi tner. The cost ot each 150 HBLiu'hr reburner is based on their instAlled

ns. t for a similar-sized natural gas burner plus a 25 percent premium for

ros tom design and fabrication. The combustion chamber cost was based on total

weight of steel contained in a cylinder 20 feet in diameter, 50 feet long, and

I inch thick. The delivered cost of steel was taken as about $1 per pound.

BN 4 K 28 refractory brick was included as insulation for the combustion chamber.

Foundations, ductwork, damper, and control costs, as well as all installation

cos.ts were scaled from the aforementioned EPRI study. The gas-monitoring
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TABLE 7. CAPITAL COST SUMMARY

Delivered Field Field
Cost Labor Materials Total
($) (S) ($) ($)

Reburners 150,000 150,000 20,000 320,000
(4 x 150 MBtu/hr)

Combustion chamber 160,000 288,000 50,000 495,000
(20 ft diam x 50 ft long)

Foundations & support 120,000 150,000 20,000 290,000
steel

Exhaust duct & bypass 175,000 20,000 5,000 200,000

Two exhaust dampers 90,OO 10,000 -- 100,000

Conntiol system (controller, 50,00(0 25,000 -- 75,000
valves, electronics)

Insulation & lagging 100,000 400,000 10,000 510,000

0' monitors (2) 5,000 -- -- 5,000

N, monitor 15,000 .-- 15,000

Natural gas piping 50,000 150,00) 10,000 210,000

Process Capital 915,0'0 1,193,000 115000 2,223,000

Engineering/Home Office Fee (10%) 222,300

Facilities (5%) 111,100

Contingency (20%) 444,600

Total Plant Cost 3,001,000
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equipment costs are based on vendor quotes and include sampling probes and

conditioning equipment. Readouts for the NOx and 02 instruments are included

in tile control system costs. It was assumed that a natural gas pipeline is

available to the airbase; the cost of natural gas piping assumed that 100 feet

of pipe would be required to tie the reburner into the main pipeline.

The total Process Capital cost is estimated to be about $2.2 million.

Other costs include engineering at 10 percent of the process capital, general

facilities at 5 percent of process capital, and a project contingency at

2() percent of process capital. The total plant cost is approximately

S53 million.

Other costs often included in the EPRI methodology have been neglected in

thi.s study. Preproduction costs are intended to cover lost power generation

aiid inefficient fuel use due to operator training and equipment shakedown.

Since the JETC facility does not produce power, this cost factor has been

ignnred. Similarly, since the Air Force is funding the process development

effort, there would be no royalty payments for a commercial application.

liuventory capital, the investment in fuel prior to startup, is not included

h 'ause we have assumed that a natural gas source already exists on site.

Operating costs for the 600 lb/s JETC are presented in Table 8. Fixed

operating and maintenance costs (the sum of the first four numbers in Table 8)

ay ociated with tile test facility are expected to increase by about $120,000

pet year if a reburning system were added. This is based on an assumption that

onie extra facility operator will be required, and that maintenance will cost

ioghly $89,000 (4 percent of process capital costs). This estimate, based on

industrial experience, is probably conservative when applied to a military test

fac i I i ty.

By far the most significant operating cost is the cost of the natural gas

r eburning fuel. Based on 800 hr of operation at an average gas flow rate of

600,000 standard cubic feet per hour, the natural gas cost alone will represent
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TABLE 8. OPERATING COST SUMMARY*

Operating labor (1 person at $21/hr for 800 hr) $ 16,800/yr

Maintenance labor 35,600/yr

1 4% of process capital
Mainatenance materials 53,400/yr

Administrative and support labor 15,700/yr

Total fixed operating costs $ 121,500/yr

Variable oeprating costs:

Reburn fuel at $3/1000 ft3  1,440,000/yr

Quench water at $0.65/1000 gal*k 31,200/yr

Cost of capital (15%/yr) $ 450,000/yr

Total annual operating cost $2,042,700/yr

• Based on 800 hr/yr operation

*Water cost would be zero if facility has 1000 gpm capacity

already

S1.44 million per year. This is the major drawback of the system. For com-

parii.on, a more selective NO x reducing agent (methylamine, investigated in a

patalIel PSIT project for the Air Force) would cost only $200,000 per year

(4f),).()00 lh/yr at a delivered price of $0.50 per lb) for the same amount of NOx

r tlc t ion.

The other significant operating cost is the cost of financing the capital

invP" tment. Based on 15 percent per year of total plant cost, the Air Force

would be paying $450,000/yr in finance charges during a 12-year depreciation

peiod at 10 percent interest.
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U. OPERATING COST SENSITIVITY

The total yearly operating cost for reburning is slightly greater than

S2 million. If the reburning fuel requirement were decreased by a factor of

three by means of additional reburner development work (certainly an ambitious

goal), the total operating cost could be reduced to about $1 million per year.

Thin would still be one-third higher than the projected total operating costs

foi the monomethyl amine injection process. Another solution could be to

minimize rehurning fuel by operating only at peak NOX emissions, but with

opcvation would not reduce hydrocarbon emissions common to low load.

One means by which to evaluate the comparative economic promise of NOx

control processes is by calculation of the cost-benefit in terms of dollars per

ton of removed NO x. In utility boiler applications, candidate processes which

poss<ess values less than $1000 per ton are considered viable. For the JETC

ebluining application, the cost-benefit is about $10,000 per ton of NOx

removed. Hydrocarbon and smoke emissions from JETC facilities are highly

vai able (ranging from I to 100 lb/1000 lb fuel according to References 15 and

17), but if we assume that an equal amount of these pollutants can be destroyed

by ichurning, the cost-benefit is still on order of $5,000 per ton pollutants

t emoved. Therefore, although reburning appears to be technically feasible, it

is economically unattractive for the JETC application.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

[n summary, NOx reductions greater than 50 percent can be achieved using a

natural gas reburnipg system. Although not included as part of the experi-

mental program, it is expected that at least a 70 percent reduction of smoke

and hydrocarbon emissions can also be achieved; however, experimental results

suggct that conditions that maximize NOx reduction may increase the level of

carbon monoxide in the exhaust gases.

The main problem with the reburning process with respect to the JETC

application is the very high fuel requirement. Our work shows that lower

exhaust oxygen levels and higher exhaust temperatures decrease reburning fuel

requirements, but wide variations in these parameters occur during most JETC

te.t crycles. In the design study, we have assumed a constant flow rate of

rehu ining fuel. With this scheme, we would achieve maximum NOx reduction

during afterburner operation and maximum hydrocarbon/carbon monoxide reduction

during low-load operation. The fuel cost for this mode of operation would be

about $1800/hr of JETC operation ($1440K/yr).

The following steps could be taken to reduce fuel consumption and thus

improve the economic attractiveness of the reburning process:

1. Operate the reburner only at loads greater than 50 percent thrust

(intermediate, military, and afterburner engine modes). This

procedure would reduce fuel consumption by a factor of 2 to 4, but

eliminate the benefit of hydrocarbon/carbon monoxide control since

these emissions are only significant during engine idle and approach

modes where the NOx concentration is low. This intermittent reburn-

ing scheme would require sophisticated on-off control similar to a

home heating furnace.
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2. Optimize NO, reduction performance by means of testing and

modification of reburner design, with special attention given to

controlling the fuel-exhaust mixing. Such tests would require the

use of a pilot-scale facility to more closely duplicate the flow

conditions present in the JETC environment.

Theretore, Phase II work could consist of three major thrusts:

Reburner Development Tests

Reburner Operation and Control Tests

Detailed Engineering and Application Study.

At this time, however, reburning looks less attractive than the direct

injection of methylamine (MMA) for achieving significant destruction of NOx.

Therefore, PSIT recommends that the MMA process be pursued immediately; the

reburning Phase II scope should only be initiated if the MMA work falls short

of expectations.
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APPENDIX A

EXAMPLE FORMAT FOR CAPITAL INVESTMENT AND REVENUE

REQUIREMENT SUMMARY TABLES

T IT L E

PLANT CfAPACITY, FUEL TYPE, ETC.

Capital Investment $/kW

Proces! Capitala) A

(ene Ial facilities B

Engineer ing and home office fees C

Pt o j Cc t continency D

P1 ocess con t ingency E

Sales taxb) F

Total plant cost (December 1982 dollars) TPC = A+B+C+D+E+F

Total plant investment (January 198.3 startup) TPI = TPC x (Adj. factor)

Royalty allowance G

Proproduction costs H

Inventory capital I

Initial catalyst and chemicals J

Land K

Total capital requirement (January 1983 startup) TCR = TPI+G+I]±I+J+K

(perating and Maintenance Costs
(First Year -- December 1982 dollars) $/kW-yr

Opeiating labor L

Maintenance labor M

Maintenance materials N

Administrative and support labor P = 0.3 (L+M)

Totat O&M first year CM = L+M+N+P

Fixed O&M first year CF x CM = FOM ($/kW-yr)

Variable O&M first year = mills/$ = VOM (mills/kWh)Variale OM fist yar -876-O x CF

a)Detailed breakdown of the process capital by plant section should be presented

in a separate table with field labor, field materials, and factory materials
shown separately

b)Show sales tax here f not already included in A and/or B.
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Consumah]es Operating Costs Excluding Fuel
(First Year - December 1982 dollars) Mills/kWh

Water 0

Chemicals R

Other consumables S

Waste disposal T

Total consumables (excluding fuel) CM = Q+R+S+T

By-Product Credits (First Year -

DIecembet 1982 dollars) (V)

Fuel Cost (First Year - December 1982 dollars) W

30 Year Levelized O&M Costs (Period 1981-2nl() Equations

30-year levelized fixed O&M LFCM = 2.314 x (FOM) $/kW-yr

30-year levelized variable O&M LVOM = 2.314 x (VOM) mills/kWh

iC) year levelized consumables O&M LCM = 2.314 x (CM) mills/kWh
(excluding fuel)

30-yeaL levelized by-product credit LB = Z* x V mills/kWh

30-year levelized fuel LFU = Y* x W mills/kwH

)()-Year I,evelized Fixed Charges (Capital) LFC = 0.161 x (TCR) $/kW-yr

Wf-Year Levelized Busbar Cost of Power at
l.evelized-Capacity Factor (CF) for Period
1983 - 2012

Power Cost = (LFC + LFOM) x (1000 mills/$) + LCOM + LCM - LB + LFU mills/kWh
(CF) x (8760 hr/year)

*Y is the 30-year levelization factor for fuel. Z is the 30-year levelization

factor for by-products.
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APPENDIX B

SUMMARY OF TEST DATA
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Reactor G;as Floy;s
Reburner Reburner Reburner Reburner

Burner Burner Reburner Reburncr Inlet Outlet Fuel Heat
Run Air CH4 0:,:ygen C114 Nf Total Flow Total Flow Equivalence Input

Ntumder (sc 1) (s I IpaI) (sIpm) (slpm) (sccm) (slpm) (slpm) Ratio Fraction

3.2 4.0 1.01 0 63.9 64.9 0.21 0.24
. ,.2 4. 0 3.19 0 63.9 67.1 0.67 0.50
.0 3.2 4.0 3.91 0 63.9 67.8 0.82 0.58

3.2 4.0 1.03 0 63.9 64.9 0.22 0.24
3 . 3.2 4.0 2.04 0 63.9 65.9 0.43 0.39

3.2 4.0 3. 14 0 63.9 67.0 0.66 0.50
2.) 3.2 4.0 3.88 0 63.9 67.7 0.82 0.55

0 2.0 3.3 7.4 1.03 0 67.4 68.4 0.16 0.24
0 2... . 7.4 2.22 0 67.4 69.6 0.35 0.40

H .w 3. 7.4 3.51 0 67.4 70.9 0.55 0.52
Ii .. .0 3. 3.5 1.02 0 63.4 64.4 0.23 0.24
12 2.) 3.2 3.5 1.99 0 63.4 65.4 0.44 0.38

. 3.2 .,.5 2.92 0 63.4 66.3 0.65 0.48
14 . , 3.2 ,.5 3.92 0 63.4 67.3 0.87 0.55
13 .. 1.. 2 . .5 3.52 0 63.4 66.9 0.78 0.52

3. 5 4.25 0 63.4 67.6 0.94 0.57
17 . 1 .2 4.o 2.02 0 63.9 65.9 0.43 0.39
lI I . .. ) 4. ( 2.90 0 63.9 66.8 0.61 0.48
Iq 2.1 3.: 4.0 3.89 0 63.9 67.8 0.82 0.55

0 23. .3 7.4 1.13 0 67.4 68.5 0.18 0.26
21 2. 3. 7.4 2.00 0 67.4 69.4 0.31 0.38
2 2.) 3.3 7.4 3.23 0 67.4 70.6 0.51 0.49

2.) 3.3 7.4 4.06 0 67.4 71.4 0.64 0.55
24 2.0 3.2 4.0 1.95 27 63.9 65.8 0.41 0.38

2.0 3.2 4.0 1.95 17 63.9 65.8 0.41 0.38
t . 3.2 4.0 1.95 55 63.9 65.8 0.41 0.38

27 2.0 3.2 4.0 1.95 9 63.9 65.8 0.41 0.38
,8 2. 3.2 4.0 1.95 0 63.9 65.8 0.41 0.38

2) 2.() 3.2 4.0 4.00 0 63.9 67.9 0.84 0.56
30 2.{ 3.2 4.0 4.00 26 63.9 67.9 0.84 0.56
"1 2.0 3.2 4.0 4.00 10 63.9 67.9 0.84 0.56
32 2. 3.2 4.0 4.00 4 63.9 67.9 0.84 0.56

' 2.0 3. 7.4 1.00 0 67.4 68.4 0.16 0.23
2.0 3.3 7.4 1.00 0 67.4 68.4 0.16 0.23

3 2.0 3.2 7.4 2.30 0 67.3 69.6 0.36 0.41
3 2.) 3.2 7.4 3.31 0 67.4 0.7 0.52 0.50

2.') 3. 3 7.4 9.05 0 61.4 71.4 0.64 0.55
7 4.,) 5. 11.4 9.11 0 130.1 1.2 0.18 0.27
38 4.0 5.7 11.2 3.52 0 130.2 133.7 0.30 0.38

'.1' 2.8 4.6 6.5 4.18 0 90.4 94.6 0.60 0.48
40) 2.8 4.6 6.5 4.54 0 90.4 95.0 0.65 0.50
41 2.8 4.6 6.5 2.50 0 90.4 92.9 0.36 0.35
42 2.8 4.6 6.5 2.91 0 90.4 93.3 0.42 0.39
43 2.8 4.6 6.5 3.50 0 90.4 93.9 0.50 0.43
44 1.5 5.6 8.6 4.49 0 113.4 117.8 0.49 0.44
45 2.0 3.2 6.0 1.96 0 65.9 67.8 0.34 0.38
46 2.0 3.2 6.0 3.05 0 65.9 68.9 0.53 0.49
47 2.0 3.2 6.0 4.02 0 65.9 69.9 0.70 0.56
48 2.0 3.2 6.0 4.42 0 65.9 70.3 0.77 0.58
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Shroud a'; t I IC.d '-rempera t ures
Opell Nil 3/NO [ (UI Reit Ier I

Rtll Area Mol.r Oki t put I let Port A Port B Port C Port D Port E
ru h, ( ' ) Ratio 0 (ppn) (0F l'P (° 0F) (°F) ( F (OF)

10 U U 8)3 1476 1370 1260 1199 1048
(6 U (1 881 1790 1822 1708 1666 1377

88 } 7 15(12 1396 1289 1230 1082
U U 890 1841 1814 1640 1478 1278

. 8/) 1787 1815 1711 1669 1433
7) 8 79 1784 1866 1763 1758 1553
S I ( 8 9 1374 1195 1021 865 705

8 36 ( 1 865 1974 1730 1399 1162 927
F U 1907 1960 1837 1545 1205

1M 10 , 0f((( 871 1330 1222 1110 1002 803
i V 1) 0} I 872 1752. 1661 1421 1310 1035
1 h, 1 F) 1(78 177,. 1817 1661 1552 1248

] ((F 877 10W 1813 1729 1664 1402

I6 w) 1U ?7 1624 1779 1661 1654 1449
I' 3., ' 875 15)/ 1768 1725 1685 1469
1' 0 17( 71 1615 1561 1303 1197 932
]S- K 6 (1 (U 71')5 1713 1782 1607 1484 1151

' ;( I) 31(,0 73}3 -----
.F 1i. ( (i 856 17.9 1369 1136 1052 852

'1 I' I) 8616 1776 1781 1426 1256 1003
(H) 0 1) 869 1766 1865 1768 1595 1212

1o 9 U {73 1810 1864 1813 1806 1388
I (m U.46 0 863 1796 1741 1517 1373 1142

36 (1.29 U) 8/63 ....-8

26 .36 (..94 0 863 -
;, 7 36 (1. 15 (1 863-- --

.8 16 U~~ (1 83- --

711 U' ],5 832 1741 1838 1798 1788 1630
76 0.44 1375 862 -8- -

,6 (. 7 1375 8,2 - - - - -.>316 0).01 1375 862 ...

, U U 856 1223 1118 996 960 765
U U 860 1830 1606 1339 1245 998

5( )( 7 (18 7 1960 1671 1509 1210

U:, U 878 2178 2093 1879 1719 1355
836 4 ( 47 1240 1177 1079 1077 880

H8 16 1 851 1440 1486 1436 1392 1183
6 0 U 810 1894 1896 1729 1655 1422

40 16 (1 175t) (123 1915 1950 1823 1757 1534

1 ,6 I U 823 168() 1637 1529 1450 1276

42 ., U U 835 1742 1691 1501 1407 1127

'4 36 ) 0 816 1840 1820 1661 1565 1312
44 36 o 0 853 1985 1944 1771 1671 1468

I45 6 0 1(m 573 1552 1465 1264 1191 972
16 0 U 573 1885 1814 1613 1485 1180

47 36 U 577 11171 1870 1769 1704 1442
4 36 ) 5() 577 1888 1903 1821 1757 1526
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Inlet Gas Composition, Outlet Gas Composition,
Volume Fraction Volume Fraction

111 x 0 x CO x 1 0 x N x 0 x CO x H 0 x N
Number 2O2 2 2 2 2 2 2

1 0.15 0.05 0.10 0.70 0.12 0.06 0.13 0.69
2 0.15 0.05 0.10 0.70 0.05 0.10 0.19 0.67

{).15 0.05 0.10 0.70 0.02 0.10 0.21 0.66
4 0.15 0.05 0.10 0.70 0.11 0.07 0.13 0.69
5 0.15 0.05 0.10 0.70 0.08 0.08 0.16 0.68
6 0.15 0.05 0.10 0.70 0.05 0.09 0.19 0.67
7 0.15 0.05 0.10 0.70 0.03 0.10 0.21 0.66
8 0.19 0.05 0.10 0.66 0.16 0.06 0.13 0.65
9 0.19 0.05 0.10 0.66 0.12 0.08 0.16 0.64
P) 0.19 0.05 O.10 0.66 0.08 0.10 0.19 0.63
11 0.14 U,.0 0.10 0.71 0.11 0.07 0.13 0.70
12 0.14 0.05 0.10 0.71 0.08 0.08 0.16 0.68

11 0.14 0.05 0.10 0.71 0.05 0.09 0.18 0.68
14 0.14 0.05 0.10 0.71 0.02 0.11 0.21 0.67
15 0.14 0.05 0.10 0.71 0.03 0.10 0.20 0.67
16 0.14 0.05 0.10 0.71 0.01 0.11 0.22 0.66

17 o.15 0.05 0.10 0.70 0.08 0.08 0.16 0.68
18 0.15 0.05 0.10 0.70 0.06 0.09 0.18 0.67
19 0.15 0.05 0.10 0.70 0.03 0.10 0.21 0.66
20 0.19 0.05 0.10 0.66 0.15 0.06 0.13 0.65
21 ().19 0.05 0.10 0.66 0.13 0.08 0.15 0.65
22 0.19 0.05 0.10 0.66 0.09 0.09 0.19 0.63
23 (.19 0.05 0.10 0.66 0.06 0.10 0.21 0.63
24 (.15 0.05 0.10 0.70 0.09 0.08 0.16 0.68
25 0.15 0.05 0.10 0.70 0.09 0.08 0.16 0.68
26 ().15 0.05 0.10 0.70 0.09 0.08 0.16 0.6b
27 (.15 0.05 0.10 0.70 0.09 0.08 0.16 0.68
28 0.15 0.05 0.10 0.70 0.09 0.08 0.16 0.68
20 (,15 0.05 0.10 0.70 0.02 0.11 0.21 0.66

3) 0.15 0.05 0.10 0.70 0.02 0.11 0.21 0.66
31 0.15 0.05 0.10 0.70 0.02 0.11 0.21 0.66
12 0.15 0.05 0.10 0.70 0.02 0.11 0.21 0.66
3 0.19 0.05 0.10 0.66 0.16 0.06 0.13 0.65
34 0.19 0.05 0.10 0.67 0.12 0.08 0.16 0.64

15 o.19 0.05 0.10 0.66 0.09 0.09 0.19 0.63
S 0.19 0.05 0.10 0.66 0.06 0.10 0.21 0.63

17 0.18 0.04 0.09 0.69 0.14 0.06 0.12 0.68
1,8 0.18 0.04 0.09 0.69 0.12 0.07 0.14 0.67

.39 0.15 0.05 0.10 0.69 0.06 0.09 0.19 0.66
40 (.15 0.05 0.10 0.69 0.05 0.10 0.19 0.66
41 0.15 0.05 0.10 0.69 0.10 0.08 0.15 0.67
42 ((.15 0.05 0.10 0.69 0.09 0.08 0.16 0.67
43 o.15 0.05 0.10 0.69 0.07 0.09 0.17 0.67
44 0.16 0.05 0.10 0.69 0.08 0.09 0.17 0.66
45 o.17 0.05 0.10 0.68 0.11 0.08 0.15 0.66
46 0.17 0.05 0.10 0.68 0.08 0.09 0.18 0.65
47 0.17 0.05 0.10 0.68 0.05 0.10 0.21 0.64
48 0.17 0.05 0.10 0.68 0.04 0.11 0.22 0.64
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